Chymotryptic digestion of a threonine-rich hydroxyproline-rich glycoprotein (THRGP) purified from the cell surface of a Zea mays cell suspension culture gave a peptide map dominated by the hexadecapeptide TC5: Thr-Hyp-Ser-Hyp-Lys-Pro-Hyp-Thr-ProLys-Pro-Thr-Hyp-Hyp-Thr-Tyr, in which the repetitive motif SerHyp-Lys-Pro-Hyp-Thr-Pro-Lys is homologous with the dominant decamer of P1-type dicot extensins: Ser-Hyp-Hyp-Hyp-Hyp-ThrHyp-Val-Tyr-Lys, modified by a Lys for Hyp substitution at residue 3, a Val-Tyr deletion at residues 8 and 9, and incomplete posttranslational modification of proline residues. One of the minor peptides (TC1) contained the 8-residue sequence: Thr-Hyp-SerHyp-Hyp-Hyp-Hyp-Tyr corresponding to the C-terminal tail (judging from the recently isolated maize cDNA clone MC56) which is homologous with the major repetitive motif of the 'P3' class of dicot extensins. Direct peptide sequencing defined potential glycosylated regions on the THRGP corresponding to clone MC56 and showing that glycosylated and nonglycosylated domains altemate with high regularity. The THRGP is not in the polyproline-11 conformation, judging from circular dichroic spectra, but nevertheless is an extended rod, from electron microscopic data. HFsolvolysis of cell walls from maize coleoptile, root, and root tip released deglycosylated THRGP detected on sodium dodecyl sulfate-polyacrylamide gel electrophoresis immunoblots with high titer rabbit polyclonal antibodies raised against the intact THRGP. In a quantitative enzyme-linked immunosorbent assay, these antibodies cross-reacted 20% with tomato P1 extensin, and 18% with anhydrous hydrogen fluoride-deglycosylated P1. These results, together with other previously published data, show that maize THRGP is homologous with the dicot P1 extensins and, as such, is the first extensin isolated from a graminaceous monocot.
In 1987, we reported (15) 2 Abbreviations: THRGP, threonine-hydroxyproline-rich glycoprotein; HRGP, hydroxyproline-rich glycoprotein; dTHRGP, deglycosylated threonine-hydroxyproline-rich glycoproteins; dw, dry weight; P1, glycosylated tomato extensin type 1; dPI, deglycosylated tomato extensin type P1; P2, glycosylated tomato extensin type 2; dP2, deglycosylated tomato extensin type 2; HHRGP, histidinehydroxyproline-rich glycoprotein; dHHRGP, deglycosylated histidine-hydroxyproline-rich glycoprotein; HF, anhydrous hydrogen fluoride; OPA, orthophthalaldehyde; HFBA, hepta-fluorobutyric acid; AGP, arabinogalactan protein; AP, alkaline phosphatase. CD, circular dichroism; ABTS, 2,2'-Azino-bis(3-ethylbenzthiazinoline-6-sulfonic acid).
ceous monocot Zea mays and provided evidence that this HRGP may be an extensin, a class ofextended rodlike HRGPs well known as structural components of the dicot primary cell wall. Like a typical extensin, this protein is highly basic, rich in hydroxyproline and proline, 0-glycosylated through hydroxyproline residues with one to four arabinosyl residues, and was visualized by transmission EM as a flexuous rod. Furthermore, antibodies raised against an intact dicot extensin and against its protein backbone (after removal of carbohydrate with anhydrous HF) (14) cross-reacted significantly with the purified maize THRGP, suggesting common antigenic epitopes between dicot extensin and this putative maize extensin. In contrast to characterized dicot extensins, the THRGP is extremely rich in threonine, contains less valine and tyrosine, and is more lightly glycosylated than dicot extensins. Arabinose comprises 30% of the THRGP dry weight. A recently isolated cDNA clone MC56 from maize coleoptile (32) encodes a putative 29 kD cell wall protein with a highly periodic structure and a composition corresponding to the THRGP. Here we present primary sequence data from HPLC peptide maps that are dominated by a single sixteenresidue peptide (TC5) sharing significant homology with the major repetitive decamer of extensin P1 of tomato (31) . Furthermore, an 8-residue sequence within chymotryptic peptide TC 1 is homologous with the major repeating peptide from the P3 class of dicot extensins (29, 31) . These sequence and immunological data, together with our earlier published data, identify maize THRGP as an extensin, and MC56 as a related THRGP cDNA clone. The primary sequences also identify the sites ofproline hydroxylation and therefore permit us to tentatively define the glycosylated and nonglycosylated domains which alternate with a remarkably high regularity.
MATERIALS AND METHODS Suspension Cultures
We grew maize cell suspensions (Zea mays L., cv Black Mexican donated to us by Dr. Tom Hodges of Purdue University) in 1 L flasks containing 500 mL Murashige and Skoog medium (24) (2 mg/L, 2,4-D) at 28°C as described previously (15) .
Isolation of Crude THRGP
We prepared crude THRGP from 11 d cultures by rapid filtration of cultures on a coarsely sintered filter followed by a brief water wash, then suspension ofthe cell pad in 100 mM AlCl3 for 3 min before suction. The eluate was rotary evaporated at 32°C to 150 mL. Addition of TCA to a final concen-tration of 10% (w/v) in the concentrated eluate yielded a precipitate after 18 h at 4°C. Centrifugation ofthe TCA treated eluate (at 12,000 rpm, 40 min) yielded a hydroxyproline-poor pellet (discarded) and a hydroxyproline-rich supernate which was dialysed 72 h at 4°C, then freeze-dried.
THRGP Purification
We routinely fractionated 100 to 200 mg crude THRGP via ion exchange chromatography, first by phosphocellulose (Cellex-P, Bio-Rad), then Biorex-70 (Bio-Rad) followed by gel filtration on Superose-6 (Pharmacia) as described previously (15) .
Preparation of Maize Cell Walls
Seeds of Sweet Sue sweet corn (Harris Seeds) germinated and grew for 4 d on germination paper (Anchor Paper) soaked in tap H20. Root tips, roots, coleoptiles with their primary leaf (henceforth we refer to this preparation as coleoptile), and whole cells of Black Mexican cell suspensions were separately frozen in liquid N2, ground to fine powder with a mortar and pestle, suspended in 1 M NaCl and sonicated for 10 min, then repeatedly washed with distilled H20 and centrifuged until the walls were free ofsalt and cell debris, judging by microscopic examination, and finally freeze-dried.
HF Deglycosylation
We deglycosylated 2 to 13 mg glycosylated THRGP or 13
to 43 mg maize cell wall preparations in a microapparatus containing 1 mL anhydrous HF/20 mg THRGP or maize cell walls, and 10% (v/v) anhydrous methanol for 1 h at 0°C (28 
Generation of anti-THRGP Rabbit Polyclonal Antibodies
Two 5-lb New Zealand white rabbits were from the Small Animal Care Facility, Michigan State University. The primary injection was 75 to 120 jig glycosylated THRGP in distilled H20 emulsified in Freund's Complete Adjuvant (Cappel Lab.) prepared and administered as described previously (14) . Subsequent injections of antigen contained 50 ,ug THRGP in 500 gL H20-in-oil emulsion of Freund's incomplete adjuvant.
Amino Acid Analysis
For amino acid analysis, we used a Pickering High Speed Na+ cation exchange column (3 mm i.d. x 150 mm) in series with a BX-8 cation exchange column (3.7 mm i.d. x 70 mm, Benson Co.) eluted by Pickering Buffers A (titrated to pH 3.1 with 6 N HCI), B and Sodium Regenerant. Postcolumn fluorometric detection involved NaOCl oxidation and OPA coupling as described previously (31) but with the following modifications: we replaced fl-mercaptoethanol (reductant) with 22.7 mm N,N-dimethyl-,B-mercaptoethylamine HCI (9) , and data capture was by a Compaq 386 with Nelson Turbochrom software.
Sephadex G-25 Gel Filtration
We injected 0.1 mg freeze-dried peptides (in 0.5 mL 0.1 N acetic acid) onto a 27.5 mm x 12.5 mm i.d. column of Sephadex G-25-80 (superfine) eluted with 0.1 N acetic acid at 18 mL/h. Absorbancy was monitored at 220 nm on a HewlettPackard Photodiodearray spectrophotometer.
HPLC Peptide Mapping
We obtained peptide maps of the complete dTHRGP chymotryptic digestion via reversed phase HPLC of tryptic/ chymotryptic digests on a Hamilton PRP-1 (4.1 mm i.d. x 150 mm) column using programmed gradient elution (0.5 mL/min) with the following mobile phase solvents: A = 0.13% HFBA, and B = 0.13% HFBA in 80% (v/v) aqueous acetonitrile. For resolution ofdTHRGP peptides, the gradient began at 100% A and increased (0.5%/min) from 0 to 50% B in 100 min, as described previously (31) . Absorbancy was monitored at 220, 235, and 280 nm on a Hewlett-Packard photodiodearray spectrophotometer. After initial peptide fractionation on PRP-1 each peptide was rerun through PRP-1 to assure purity before peptide sequencing. 
Chymotryptic/Tryptic Digest
We incubated 2 to 6 mg dTHRGP (10 mg/mL) in freshly prepared 1% (w/v) aqueous NH4HCO3 containing 10 mM CaCl2 with chymotrypsin or TPCK-trypsin (Worthington) (substrate:enzyme ratio was 100: 1, w/w) at 27°C overnight.
Circular Dichroism
We recorded CD spectra of the THRGP, deglycosylated THRGP, poly-proline II and polyhydroxyproline (1 mg/mL in 10 mM sodium phosphate buffer) at Upjohn Corp. (Kalamazoo, Michigan) on a Jasco J-600 CD spectropolarimeter in a 0.086 mm pathlength quartz cell. We scanned each sample from 260 to 178 nm four times. Molecular ellipticity [0] has the dimensions of (degree-cm2)/dmol.
RESULTS

HF-Deglycosylation and Hydroxyproline Content
Cell walls prepared from maize (Black Mexican) cell suspensions and maize (Sweet Sue) coleoptile, root, and root tip contained bound hydroxyproline, mostly HF-soluble, although a small amount remained associated with the residual wall fraction (Table I ). Significant amounts of Hyp were lost during dialysis, possibly as dialyzable molecules, or by adsorption to dialysis membranes. The THRGP lost 33% of its weight on HF-deglycosylation, consistent with a reported arabinose content of 30% w/w (15) .
Generation of Antibodies Against THRGP and Characterization via ELISA Three weeks after challenging two rabbits with THRGP, an immunogenic reaction was apparent as determined by micro-ELISA assays. Titers rose until week 5 and remained high for more than 17 weeks after the primary injection. Figure 1 shows a detectable reaction to 20 ng THRGP/microtiter well and antisera dilutions as high as 1:64,000. We routinely worked with primary antisera dilutions of 1:5000. Figure 2 shows some cross-reactivity of THRGP antibodies with the following antigens: deglycosylated THRGP (dTHRGP), a histidine-rich maize HRGP (HHRGP), deglycosylated HHRGP (dHHRGP), tomato extensin monomers P1 and P2, deglycosylated P1 and P2 (dPl, dP2). The antibodies did not react with tomato lectin or sycamore AGP (data not shown). Preimmune control serum did not react with any of the antigens.
SDS-PAGE and Immunoblot Analysis
The THRGP migrated as a fuzzy band with a molecular mass range of 72 to 90 kD (Fig. 3, lane 2) . A high molecular mass band, probably a THRGP aggregate or polymer, migrated at about 200 kD; however, the same preparation after HF-deglycosylation lost the large molecular mass band and migrated with a molecular mass of 50 kD (Fig. 3, lane 3 ), which was a 22 kD loss in molecular mass somewhat greater than predicted from the arabinose content (15) . We detected a similar protein in SDS-PAGE immunoblots of the HFsolubilized fraction of maize root, root tip, and coleoptile cell walls: in each instance antibodies raised against the THRGP detected a major band that migrated with the same molecular mass as the dTHRGP (Fig. 4) . Preimmune control serum did not react with the blots. All cell wall preparations showed a Coomassie blue-stained smear ofHF-soluble cell wall proteins whose sizes on SDS-PAGE ranged from 200 kD to very small components that migrated with the marker dye (data not shown).
THRGP Chymotryptic and Tryptic Digestion, Sephadex G-25 Gel Filtration, HPLC Peptide Mapping, and Edman Degradation Gel filtration of dTHRGP chymotryptic digests yielded peptides with one major component and no void (Fig. 5) . Fractionation of the chymotryptic digest by HPLC gave a peptide map (Fig. 6 ) consisting of a relatively few peptides (Table II) tomato extensin P1 (31) and tryptic peptide H5 from sugar beet extensin P1 (Fig. 7) . The minor maize peptides sequenced were also related, including TC1 which contained the only Ser-Hyp-Hyp-Hyp-Hyp sequence in the THRGP (see discussion). Peptides TC1, TC2, TC4 and TC5 were sequenced a minimum of twice (from different peptide preparations), and peptides TC6, TC7, and TT1, a tryptic peptide related to TC5 (Tables III and IV; Figure 6 . Chymotryptic peptide map of deglycosylated THRGP run on Hamilton PRP-1, gave 8 peptides designated TC1 to TC8. TC6 refers to the peptide, at 68 min, that runs as a leading shoulder to TC7. The amino acid compositions of the chymotryptides corroborate their sequences (Table l1l) ; however, Hyp and Thr are consistently overestimated, probably due to the poor Hyp/Asp and Thr/Ser resolution at high levels of Thr and Hyp. There is one possible discrepancy in TC1 whose amino acid composition (determined on <1 nmol peptide) predicted two proline residues. However, the sequence, performed twice, on two separate peptide preparations, showed that TC1 contained no Pro whatsoever.
Amino Acid TCl TC2 TC3 TC4 TC5 TC6 TC7 The CD spectra ofthe THRGP and deglycosylated THRGP showed a minimum at 200 to 205 nm and maximum at 190 nm (Fig. 8) indicating a random coil or unordered conformation (34) .
DISCUSSION
Existence of extensin in the graminaceous monocots poses the difficult question of function and also raises other issues, which range from the specificity of prolyl hydroxylase, to angiosperm evolution and origin of the monocots.
First, however, we must summarize the criteria which enable us to classify an HRGP as a member of the extensin glycoprotein family localized in the primary cell wall. These criteria involve primary, secondary, and tertiary structure and, therefore, include posttranslational modifications (for the extensins this can account for more than 40% of the amino acid residues) by hydroxylation and glycosylation, which dramatically alter properties ofthe unadorned polypeptide backbone. Generally, extensins are defined as hydroxyproline-rich glycoproteins that are insolubilized in the cell walls of higher plants. They are basic, rodlike macromolecules with a polyproline-II helical conformation (10, 19, 36) arising in part from the characteristic repetitive pentapeptide Ser-(Hyp)4 (19, 320 KIELISZEWSKI ET AL.
i.. ' I r a n i a n ; . HRGPs present special problems when undergoing Edman degradation since the secondary amino acids, Pro and Hyp, cleave incompletely, creating a high background. The sequencing of the THRGP was further complicated by its extremely high content of Thr plus Ser, which readily undergo dehydration during Edman degradation. Thus, the typical THRGP repetitive yield for TC5 was only 77% in contrast to a repetitive yield of 97% for standard proteins. Because of these difficulties, two attempts to sequence TC3 failed, the peptide 'fell apart' before three residues were determined, and TC4 and TC7 provided only partial sequences. The final Pro of TC7 may be Hyp, hence the parentheses. The yields of TC8 were too low to attempt a sequence, although an amino acid composition of TC8 is presented in Table II . Peptides TC2 and TC4 do not occur in the MC56 THRGP (32) . Fig. 7) show that the Ser-HypHyp-Hyp-Hyp pentameric motif, common in other dicots, can no longer be considered a diagnostic sine qua non of extensin (8, 12, 16) . In addition, we must also realize the fibrous proteins have their own rules which frequently differ from those formulated for globular proteins (4, 34) , where folding is of paramount importance.
Judging from the high cross-reactivity (97%) of anti-THRGP antibodies (from two rabbits) with deglycosylated THRGP, the peptide backbone is highly antigenic, while the epitopes contributed by the hydroxyproline arabinosides are not. The low cross-reactivities with other HRGP antigens confirm that the antibodies are specific for the THRGP backbone (Fig. 2) . Significantly, antigens tomato P1 and dPl showed the most cross-reactivity (Fig. 2) indicating common antigenic epitopes, and implying some homology between the maize THRGP and tomato P1.
Transmission EM involving low-angle shadowing visualizes the tertiary structure of maize THRGP as a flexuous rod of 70 nm (15) , yet CD spectra indicate that the THRGP exists in a 'random coil' or 'unordered' conformation ( Fig. 8) (34) rather than the expected polyproline-Il helix (3 residues/turn with 9.4 A pitch) that characterizes dicot extensins (19, 36) .
This seems anomalous in view of the elevated proline/hydroxyproline content of THRGP. The dispersion of proline and hydroxyproline residues (Tables III and IV) partially resolves the anomaly, as CD spectra of synthetic polypeptides show that nucleation of the polyproline-II helix usually requires at least four contiguous proline residues (25) . Indeed, a tetrahydroxyproline block occurs only in the minor THRGP peptide TCl (Table III) , in agreement with a single occurrence of tetraproline at the C-terminus of the cDNA clone MC56 (32) (cf Table IV ). The anomaly may also be a product of Wavelength (nm) Figure 8 . Circular dichroic spectroscopy of poly-L-proline 11 (0), poly-L-hydroxyproline (0), glycosylated THRGP (0), and deglycosylated THRGP (U), showed that the THRGP secondary structure is not a polyproline-l1 helix. Rather, the THRGP CD spectra resemble that of denatured collagen and fall into the 'catch-all' category of unordered conformation (34) . the poorly defined term random coil which clearly does not preclude the THRGP secondary structure deduced here (34) , or the presence of secondary structure in other random coil proteins; for example, there is even a report of a monoclonal antibody that can recognize a conformational epitope in a random coil protein (27) . At this point, there is sufficient structural and chemical similarity with the extensins (15, 16) to consider the THRGP as an analogous protein, although its lack of polyproline-II helix might argue against homology, were it not for the following sequencing data. Based on the 13 mol% lysine content (15), we initially attempted trypsinolysis but the pH-stat digestion was slow and incomplete, due, we subsequently realized, to the exclusive occurrence of the lysine residues in the generally trypsinresistant Lys-Pro linkage. Here, the THRGP is exceptional in that one repeating Lys-Pro is trypsin-labile, for reasons discussed elsewhere (17) , which allowed us to isolate the 16-residue major tryptic peptide TT1 (Table III) Chymotryptic digestion of the dTHRGP generated peptides, none of which voided the G-25 gel filtration column, hence the absence of a protease-resistant core and an essentially complete digestion.
HPLC of the complete chymotryptic digest produced a simple peptide map with only eight peptides (Fig. 6) . Despite the occurrence of only a single tetrahydroxyproline in the THRGP (Table III , TC 1), we deduce a remarkable homology (23) between THRGP repetitive sequences (Table III, TC5 and TC4) and tomato P1 extensin as follows: the decameric motif Ser-Hyp-Hyp-Hyp-Hyp-Thr-Hyp-Val-Tyr-Lys occurs as tryptic peptides from tomato P1 (31) and tobacco (M Kieliszewski, D Lamport, unpublished data), as cDNA and DNA sequences from tobacco, petunia, and carrot (3, 29) , and also as a modified peptide sequence in sugar beet (Fig. 7 ) (22) . However, the modified decamer is also discernible in THRGP chymotryptic peptides TC5 and TC4 as the repetitive motif: Ser-Hyp-Lys-Pro-Hyp-Thr-Pro-Lys differing from the tomato P1 decamer essentially by a Lys for Hyp substitution at residue 3 and a Val-Tyr deletion at residues 8 and 9 (Fig.  7) . The corresponding derived sequence occurs seven times in cDNA clone MC56 (32) (Table IV) pointing to significant homology with the isolated THRGP glycoprotein. Further homology with dicot extensins from tomato (31), petunia, and bean (29) occurs in chymotryptic peptide TC1 (Table III ; Fig. 6 ) and the corresponding C-terminal sequence of clone MC56. The TCI octapeptide Thr-Hyp-Ser-Hyp-Hyp-HypHyp-Tyr and MC56 sequence Thr-Pro-Ser-Pro-Pro-Pro-ProTyr-Tyr (32) ( (29, 31) , with a C-terminal tail homologous with the repeating peptide of the tomato 'P3' class extensin (29, 31) . From both peptide and cDNA sequences we conclude, therefore, that in maize a Ser-Hyp-Lys-Pro-Hyp pentamer replaces the dicot Ser-(Hyp)4 pentamer throughout the THRGP molecule except for a single occurrence of Ser-(Hyp)4 in peptide TC 1 (Table III) which from MC56 (32) corresponds to the C-terminal tail. Thus, a single Ser-(Hyp)4 in an advanced graminaceous monocot is probably an evolutionary remnant, hence the C-terminal tail may, like some others, represent a vestigial condition. This retention of 70% homology (allowing for a Val-Tyr 'gap') repetitive motif, and almost 90% homology in the C-terminal tail establishes membership of maize THRGP in the extensin family (23) , albeit a member with some unique characteristics, especially a distinctive and quite selective proline hydroxylation pattern with rather subtle determinants.
Combining the peptide and MC56 cDNA sequence information (Table IV) , we see that the MC56 THRGP contains about 121 proline residues of which approximately 74 are candidates for posttranslational hydroxylation and glycosylation. The major repetitive chymotryptic peptide TC5 contains five Hyp residues, at least two being glycosylated (on average) based on the hydroxyproline glycoside profile showing 48% Hyp glycosylation of the intact THRGP (15) . Thus, TC5 corresponds to 14 potential glycosylated domains which alternate regularly with non-glycosylated domains (Table IV; Fig.  9 ), the latter occurring mainly as the pentapeptide palindrome Thr-Pro-Lys-Pro-Thr. But what determines which proline residues are hydroxylated and which are not? Despite the reported preference of plant prolylhydroxylases for (artificial) substrates with a polyproline-II secondary structure (33) , the CD data indicate that the polyproline-II conformation may not be a requirement for THRGP hydroxylation. Because two-thirds of the THRGP proline residues are hydroxylated (15) with a high degree of specificity (Table III) , a hydroxylation code seems possible, although it is not immediately selfevident. 'Windows' of one, two, or three contiguous residues do not yield an exclusive hydroxylation code; for example, Thr-Pro-Lys is generally unhydroxylated although Thr-HypLys also occurs in peptide TC6 (Table III, and residues 223  to 225 in Table IV) . Assuming the predicted hydroxylations of MC56 THRGP are correct, there are five occurrences of Lys-Pro-Pro-Thr but seven ofLys-Pro-Hyp-Thr. Interestingly, Lys-Pro is probably never hydroxylated here or in any of the known dicot extensin peptides. However, a window of four contiguous residues does identify four exclusive sequences (Fig. 10 ) that account for every hydroxyproline residue in the THRGP molecule. Each window contains two candidates for hydroxylation arranged symmetrically: I. X-Pro-Pro-X II. XPro-X-Pro III. Pro-X-X-Pro, and IV. Pro-Pro-Pro-Pro, where X refers to a specific residue (Table III; Fig. 10 ). A single prolylhydroxylase would have to recognize subtle differences in peptide conformation; for example, the major nonhydroxylated THRGP domain occurs as the repetitive pentapeptide palindrome: Thr-Pro-Lys-Pro-Thr whose conformation might not allow hydroxylation of its Thr-Pro, while Lys-Pro is never hydroxylated. An alternative hypothesis postulates the existence of three prolyl hydroxylase isozymes, each specific for its own tetrapeptide window, I, II, or III (Fig. 10) , while IV might be a special case involving recognition by I and III (not unreasonable considering the multimeric character of the enzyme [1] ). This implies that the use of natural rather than artificial substrates to assay prolyl hydroxylase would facilitate its isolation and characterization from higher plants.
Further comparison of the Black Mexican THRGP with MC56 THRGP clone (32) shows that some differences exist between the two THRGPs: MC56 THRGP lacks at least two small minor peptides, TC2 and TC4, which occur in the Black Mexican THRGP (Tables III; IV) , while a major peptide(s) of MC56 THRGP is missing from the Black Mexican (the peptides represented by residues 22-42 and 59-79 in Table   IV ). However, Black Mexican peptide TC8 (Table II; Fig. 6 ) has an amino acid composition resembling that of the missing peptide(s), therefore those peptides may be present in lesser amounts in the Black Mexican THRGP, or in view of their more hydrophobic nature, they are retained on the reversed phase column we used for peptide separations. Alternatively, the two THRGPs may be encoded by separate but homologous genes.
From SDS-PAGE we estimated the THRGP molecular mass as a 72 to 90 kD smear; and for dTHRGP the molecular mass was 50 kD, roughly twice that predicted from the MC56 THRGP clone (32) , yet in agreement with the molecular mass of a putative MC56 THRGP (after HF-deglycosylation) isolated from maize cell walls and identified by immunoblotting by Stiefel et al (32) . SDS-PAGE also overestimates the molecular mass of deglycosylated tomato extensins P1 and P2 (30) .
We conclude that SDS-PAGE does not provide a reliable estimate of molecular mass for HF-deglycosylated HRGPs. Perhaps the high secondary amino acid content reduces their ability to bind SDS. Characterization of the graminaceous THRGP extensin also has some interesting evolutionary implications, as we can now directly relate three widely different genera to a single repetitive element (typified by the tomato P1 decamer) which contains tetrahydroxyproline (tomato) or variants of tetra(hydroxy)proline: (a) split by an insertion sequence (sugar beet) or (b) a Lys for Hyp substitution (maize) (Fig. 7) . While it is not clear which condition is primitive, the Hyp-Lys-ProHyp of maize is an advanced feature judging from the relatively recent origin of the graminaceous monocots, and the single vestigial Ser-(Hyp)4 of maize THRGP. On the other hand, split tetrahydroxyproline (or proline) is widespread in advanced dicots (8, 1 1), but also occurs in primitive dicots represented by the chenopod, sugar beet (22) . Thus, one possible evolutionary progression is: Hyp-Hyp-[X]-Hyp-Hyp --Hyp-Hyp-Hyp-Hyp -. Hyp-Lys-Pro-Hyp. However, divergence from tetrahydroxyproline seems more likely, especially as a recent survey shows an essential similarity between the pectin content of dicots and monocots, except for a much lower pectin content in graminaceous monocots and their allies (13) . Thus, other major differences in wall structure, such as HRGPs, may hinge on the dichotomy between graminaceous monocots and nongraminaceous monocots, rather than between dicots and monocots. Resolution of this problem clearly requires sequence information from nongraminaceous monocots, primitive dicots, and preangiosperms. Because the wall is so intimately involved in the creation of plant form, the evolution of structural wall proteins, such as extensin, must be coupled to, and should therefore parallel, the evolution of structures per se.
Finally, there is the question of extensin function. While structural in a general sense, no discrete function is assigned to any extensin, therefore it is not possible to discuss functional homologies between dicot and monocot extensins;
however, numerous clues point to fundamental roles in growth, development and stress response (6, 7, 29 (26) . Thus, a systematic approach to function demands a classification of extensin types, starting with the most highly expressed, best-characterized, and most easily recognized. The easily recognizable decameric motif (and variants, Fig. 7 ) identifies P -type extensins which include the maize THRGP, whose function probably differs from dicot P1. For example, maize THRGP is expressed at a significantly lower level than dicot extensins. Furthermore, HF treatment of salt-washed walls solubilized the bulk of the THRGP (Fig. 4 ; Table I ); this is quite unlike the dicots where covalently bound extensin is generally HF-insoluble (31) . Clearly, if there is a THRGP network in muro, then HF cleaves the intermolecular crosslinks, presumably because they differ from the dicot crosslinks. Interestingly, MC56 mRNA is actively expressed in the root tip and coleoptile, although much less in the root, suggesting a possible tissue specificity for the THRGP (32); but this is only apparent, as significant amounts of THRGP occurred in all maize tissues examined, notably, 4 d coleoptile, root, root tip cell walls (Fig. 4) , and also in maize pericarp from which a related glycine-rich THRGP was recently isolated (12) . This was corroborated by the cell wall hydroxyproline content for each tissue (Table I; ref. 12). The presence of THRGP protein in the virtual absence of THRGP mRNA simply confirms that structural cell wall proteins do not turnover. Other features, such as the exceedingly high structural periodicity which even includes a repetitive seven residue palindrome (Hyp-Thr-Pro-Lys-Pro-Thr-Hyp), point to a special function for the THRGP, perhaps involving self-assembly by specific interactions with the major acidic polysaccharide components which are glucuronoarabinoxylans in the graminaceous monocots rather than the rhamnogalacturonans characteristic of the dicots and nongraminaceous monocots (2, 13) . Also, the unusual lability of the palindromic lysyl residue in TC5 (17) could imply a cleavage site possibly enabling cell expansion by relaxing the network. Finally, THRGP structural periodicity involving regularly alternating glycosylated and nonglycosylated regions (Fig. 9) , may, as previously suggested, be related to the insertion mechanism for a transmural protein whose reptation into the wall would be aided by the glycosylated "thread" of a molecular screw (21) .
